I -INTRODUCTION
Modern electronic structure calculations, based on the local density functional approximation, have been applied most frequently to finite systems, such as atoms or molecules, or to infinite periodic solids. Their application to non-periodic infinite systems, like solids with defects or surfaces and interfaces, is more problematic. In the case of point defects, the description of the electronic structure in terms of the Green's function formalism based on the Dyson equation provided satisfactory self-consistent solutions for both semiconductors /1,2/ and metals /3/.
In the case of surfaces and interfaces, in particular in semiconductor systems, a possible approach is the repeated-slab scheme, in which an artificial periodicity is introduced into the system, in order to apply the standard methods of band theory /4/. Approaches which actually deal with the semi-infinite geometry in realistic calculations have been implemented, based on wavefunction matching /5/, or on density-matrix formulations /6/, but have not proven practical enough to be pursued extensively in interface calculations. Green's function formulations based on Dyson's equation, which have been very successful in point defect calculations, were used only in conjunction with simplified descriptions of the band structure, such as the empirical tight-binding scheme /7/. An alternative Green's function method, the Green's function matching, was proposed by Garcia-Moliner et al. /8,9/ and by Inglesfield /10/ and has until recently been used in the context of simplified pseudopotential calculations (e.g. for the Si <111> surface /ll/, for the <100> and <111> surfaces and for twin faults in Cu /12/).
In the present paper we give a progress report on a new method, which combines the Green's function matching method with the self-consistent approach based on Dyson's equation. Our aim is to perform calculations for semiconductor interfaces with the Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985435 same l e v e l o f r e a l i s m and accuracy o b t a i n e d f o r p o i n t d e f e c t s . S t a r t i n g from a l o c a ld e n s i t y , s e l f -c o n s i s t e n t b u l k band s t r u c t u r e on a l o c a l i z e d o r b i t a l b a s i s , an e x p l ic i t r e p r e s e n t a t i o n f o r t h e Green's f u n c t i o n o f a semiconductor-semiconductor i n t e rf a c e i s derived, i n terms o f t h e b u l k Green's f u n c t i o n o f t h e component systems. E x p l o i t i n g t h e l o c a l i z a t i o n o f t h e b a s i s s e t and t h e r a p i d f a l l -o f f o f charge r earrangements near t h e i n t e r f a c e s , a s e l f -c o n s i s t e n c y l o o p scheme based on Dyson's equation and on t h e matching method can be formulated, i n f u l l analogy w i t h t h e d e f e c t problem /13/. An approach q u i t e analogous i n philosophy, b u t more o r i e n t e d towards m e t a l l i c s u r f a c e s i s being independently pursued by Benesh and I n g l e s f i e l d /14/.
I n S e c t i o n I1 an overview o f t h e formalism i s given. S e c t i o n I 1 1 i s devoted t o a d e s c r i p t i o n o f t h e implementation o f t h e method i n t h e s p e c i f i c case o f a <110> i n t e r f a c e between zincblende semiconductors. F i n a l l y , i n S e c t i o n I V t h e f e a s i b i l i t y o f t h e method i s e x e m p l i f i e d by some p r e l i m i n a r y t e s t s on t h e GaAs-Ge <110> i n t e rface.
I 1 -DESCRIPTION OF THE FORMALISM
We b e g i n b y r e c a l l i n g t h e d e f i n i t i o n and b a s i c p r o p e r t i e s o f t h e G r e e n ' s -f u n c t i o n o p e r a t o r G(E). Given a system described by t h e o n e -e l e c t r o n H a m i l t o n i a n H, we d e f i n e formal 1 y : o r , i n terms o f m a t r i x elements : -where In> i s a complete s e t o f e i g e n s t a t e s o f H, w i t h eigenvalues En and wavef u n c t i o n s i n r e a l space yn(P):<?I $>. Q u a n t i t i e s o f p h y s i c a l i n t e r e s t a r e o b t a i n e d from t h e Green's f u n c t i o n v i a s p a t i a l o r energy i n t e g r a t i o n . where t h e + l i m i t s + +O i s always understood. We see t h a t n (?,E) 5 ( -l / a ) Im < ; 1 G(E+ie) Ir > has t h e meaning o f a d e n s i t y o f e l e c t r o n s i n space and energy.-F i n a l l y , we r e c a l l t h a t i f t h e Hamil t o n i a n o f -t h e system can-be w r i t t e n as H=!i +i and i f t h e Green's f u n c t i o n corresponding t o Ho i s Go, then G=(E-H)-1 s a t i s f i e g Dyson's e q u a t i o n :
Consider now an i n t e r f a c e between two s o l i d s , say A and 0 , and l e t us i d e a l i z e i t s d e s c r i p t i o n by assuming t h e o n e -e l e c t r o n p o t e n t i a l VAB o f t h e system t o be :
Here t h e z = 0 geometrical plane i s i d e n t i f i e d w i t h t h e i n t e r f a c e , and t h e b u l k p e r i o d i c p o t e n t i a l s VA, Vg o f t h e two media a r e introduced. The matchin formalism p r o v i d e s an e x p l i c i t expression f o r t h e o n e -p a r t i c l e Green's f u n c t i o n GB correspond i n g t o t h e p o t e n t i a l (6) i n terms o f GA and GB, corresponding res?ecti&!ly t o t h e b u l k A and B systems. 111 o r d e r t o reproduce these expressions hgre we must s p e c i f y some n o t a t i o n s . W e s h a l l c o n s i d e r t h e i n t e r f a c e r e s t r i c t i o n o f G, w h i c 2 we denote by G, and which has m a t r i x elements o f t h e t y p e <PSI G I F s ] > o n l y , where r s =(xS,ys,O). We s h a l l a l s o use a s p e c i a l n o t a t i o n f o r t h e normal d e r i v a t i v e s o f G /8,9/ on t h e i n t e r f a c e , i . e . when b o t h arguments approach t h e i n t e r f a c e :
We then f i n d , f o r t h e i n t e r f a c e p r o j e c t i o n GAS t h e expression /8/ : 
We s h a l l now t a k e these r e s u l t s as a s t a r t i n g p o i n t f o r a r e a l i s t i c d e s c r i p t i o n o f t h e i n t e r f a c e , i . e . one i n which a c t u a l charge and p o t e n t i a l rearrangements a t t h e i n t e r f a c e a r e s e l f -c o n s i s t e n t l y t a k e n i n t o account. To accomplish t h i s goal, i n anal o g y w i t h t h e t r e a t m e n t o f d e f e c t s i n semiconductors /1,2/ we t a k e G I B as a s t a r t i n g p o i n t i n a Dyson e q u a t i o n t o be i t e r a t e d t o s e l f -c o n s i s t e n c y . One can compute t h e charge d e n s i t y p from G l B , d e r i v e from i t a p o t e n t i a l VA i n t h e l o c a l d e n s i t y approximation, s k r a c t from i t t h e i d e a l i z e d p o t e n t i a l (69 t o o b t a i n t h e s t a r t i n g " d e f e c t " p o t e n t i a 1 AVAB, t o be i n s e r t e d i n Dyson's e q u a t i o n
This i n t e r f a c e p o t e n t i a l AVAB d e r i v e s from charge rearrangements i n a r e g i o n o f a few atomic planes. I t i s , however, i n general n o t r e s t r i c t e d t o t h i s r e g i o n because charge t r a n s f e r across t h e i n t e r f a c e can produce a d i p o l e l a y e r r e s u l t i n g i n a
Stepl i k e component o f AVAB extending t o i n f i n i t y on b o t h s i d e s . Therefore AVAB cannot be assumed t o be l o c a l i z e d ; however, i t i s easy t o see t h a t a l o c a l i z e d p o t e n t i a l a lways r e s u l t s by s u b t r a c t i n g a s u i t a b l e a b r u p t -s t e p p o t e n t i a l from i t (see Fig.1 ). The Dyson e q u a t i o n (10) can then be solved i n two s t e p s .
F i r s t one can t a k e c a r e o f t h e s t e p p o t e n t i a l -v i a a new matching between r i g i d l y s h i f t e d b u l k Green's f u n c t i o n s GA(E + A V A B ( -~) ) , GB(E -aVAB(+m)), t o o b t a i n a new G~B ; Then we s o l v e a Dyson e q u a t i o n f o r t h e e f f e c t o f t h e l o c a l i z e d p o t e n t i a l on GaB : I t i s easy t o prove t h a t t h e gAB o b t a i n e d from Eq.(12) i s indeed t h e sought s o l u t i o n o f E q . ( l O ) . N o t i c e t h a t Eq.(12) o n l y i n v o l v e s t h e l o c a l i z e d p a r t o f t h e p o t e n t i a l , and i t i.s t h e r e f o r e s u i t a b l e f o r a s o l u t i o n on a s e t o f l o c a l i z e d o r b i t a l s ( a f t e r e x p l o i t i n g t h e p e r i o d i c i t y p a r a l l e l t o t h e i n t e r f a c e ) . Once SAB i s obtained, we can go through t h e l o o p again, s t a r t i n g from t h e d e t e r m i n a t i o n o f a new AVAB t o p l u g i nt o Eq.(lO), and r e p e a t i n g t h e procedure u n t i l t h e new AVAB c o i n c i d e s w i t h t h e p r e v ious one up t o a p r e s c r i b e d degree o f accuracy. N o t i c e a l s o t h a t t h e s e l f -c o n s i s t e n t procedure w i l l e l i m i n a t e t h e a r b i t r a r i n e s s a r i s i n g from t h e d e f i n i t i o n o f t h e i d e a l
p o t e n t i a l ( I ) , i n which no p r e s c r i p t i o n f o r t h e r e l a t i v e zeroes o f VA and Vg i s given.
I11 -IMPLEMENTATION OF THE FORMALISM FOR SEMICONDUCTOR INTERFACES
W e shall now b r i e f l y discuss the s t e p s which a r e needed to t r a n s l a t e t h e formal developments of t h e previous Section into a practical computational method. To t h i s aim, we shall consider as an example t h e <110> i n t e r f a c e between two lattice-matched
-t-
and considering t h a t t h e r e a r e 2 atoms per plane i n the u n i t c e l l of t h e <110> i n t e r f a c e , the s i z e of t h e c o e f f i c i e n t matrix G i q , , i , R , i s 12 N x 12 N , where N i s t h e chosen number of o r b i t a l s per atom.
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For example, with a s e t of 11 gaussians per atom, as used i n t h e c a l c u l a t i o n s f o r t h e vacancy in Si i n R e f . / l / , we have 132 x 132 matrices. I f we choose an extremely accurate s e t of 20 o r b i t a l s per atom 1151 ( s , p and d o r b i t a l s , plus an-additional s one, each with 2 d i f f e r e n t gaussian decay constants) t h e s i z e of the G matrices becomes 240 x 240. I t i s , however, extremely important t o notice t h a t most of t h e matrix manipulations involved in t h e matching procedure only concern much smaller matrices, i . e . those required t o represent operators r e s t r i c t e d t o t h e i n t e r f a c e .
Consider indeed Eq. (13) and s p e c i a l i z e f and P ' t o Ps and P',. Then only one plane on each s i d e of t h e i n t e r f a c e must be r e t a i n e d , a s a l l other planes have atomic positions with t h e same projections on t h e z = 0 plane a s one of these two planes, in t h e ~1 1 0 2 geometry, and therefore gaussians r e l a t e d by a constant f a c t o r on a l l points of the i n t e r f a c e plane; other types of o r b i t a l s may not have t h i s exact property but a r e t o a good approximation l i n e a r l y dependent on t h e i n t e r f a c e plane. Another exact p r o p o r t i o n a l i t y , on t h e i n t e r f a c e plane, connects some gaussians from the same atom and with t h e same decay constant, b u t d i f f e r e n t angular momenta, e.g. s -and p z -l i k e functions. Thus, a l l matrices without a c a r e t ( -) s u p e r s c r i p t i n Eq. (8) and ( 9 ) can be shown t o reduce t o 48 x 48 o r t o 32 x 32 s i z e in t h e cases of 20 o r 11 gaussians per atom, r e s p e c t i v e l y . Notice a l s o t h a t a l l matrix inversions and summations over indices in matrix products in ( 8 ) and ( 9 ) concern such smaller matrices, which a r e q u i t e comparable in s i z e tothoseencountered in the defect c a l c u l a t i o n s . I t i s remarkable how much information about the system i s contained in t h e smaller projected matrices. I t i s in f a c t easy t o see from the i n t e r p r e t a t i o n of the imaginary part of the diagonal elements of the Green's function given a t the beginning of Section I1 t h a t i s t h e density of s t a t e s on t h e i n t e r f a c e plane. This holds, of course, f o r GA and GB as well as f o r the matched Green's function GAB. Even more remarkably, f o r many i n t e r f a c e s , one can get information about t h e change in total d e n s i t y of s t a t e s (with respect to t h e superposition of bulk A and B) from the projected matric e s . Indeed, f o y 5 1 1 i n t e r f a c e s <lmn> which have t h e same density of s t a t e s a s t h e i r complementary <1 m n > , t h e density of s t a t e s can be written 1171: 63 o f t h e two m a t e r i a l s and GAB, o f t h e i n t e r f a c e .
The l a r g e r m a t r i c e s appear i n t h e i r f u l l c o m p l e x i t y o n l y i n Eq. (12), and i n t h e det e r m i n a t i o n o f t h e i n t e r f a c e p o t e n t i a l e n t e r i n g i t . I t i s hard t o see how improvements i n t h e s i z e o f t h i s p a r t o f t h e c a l c u l a t i o n c o u l d be brought about. The comput i n g and s t o r a g e requirements connected w i t h Eq. (12), however, can be handled by aodern computers, s i n c e o n l y v e r y few m a t r i c e s a r e i n v o l v e d . This i s because a l a r g e f r a c t i o n o f t h e m a n i p u l a t i o n s a r e performed on t h e s m a l l e r m a t r i c e s . Thus one can say t h a t i n t h i s c o n t e x t t h e main I n o r d e r t o i l l u s t r a t e t h e f e a s i b i l i t y o f t h e matching procedure on a l o c a l i z e d b a s i s s e t and t h e i n f o r m a t i o n which can be o b t a i n e d from t h e p r o j e c t e d Preen's f u n c t i o n m a t r i c e s , we d e s c~i b e p r e l i m i n a r y non s e l f -c o n s i s t e n t r e s u l t s f o r t h e GaAs-Ge <110> i n t e r f a c e a t t h e r p o i n t o f t h e 2-dimensional B r i l l o u i n zone.
-6 -5 -4 -3 -2 -1 0 1 ' 2 ENERGY ( e V ) For comparison, t h e sum o f t h e b u l k c o n t r ib u t i o n s (dashed l i n e ) i s shown. A f i n i t e broadening i s i n c l u d e d b y r e t a i ni n g a f i n i t e imaginary p a r t , E = 0.3 eV, i n t h e energy.
As a s t a r t i n g point f o r our example we used bulk Green's functions obtained from an empirical potential constructed by superposing screened ionic pseudopotentials 118/, on a s e t of 20 gaussian o r b i t a l s per atom. Fig.2 shows the contribution of t h e r point to t h e local density of s t a t e s on t h e i n t e r f a c e plane as obtained from Eq. (14) f o r GAB and, f o r comparison, the bulk contribution obtained from t h e same equation applied to GA and GB. Since t h e c a l c u l a t i o n i s not s e l f -c o n s i s t e n t , an a r b i t r a r y line-up was chosen, such t h a t t h e t o p s of t h e valence bands of t h e two materials a r e a t t h e same energy. I t i s apparent t h a t t h e deviation of t h e i n t e r f a c e local density of s t a t e s from t h e sum of t h e two bulks i s r a t h e r small in t h i s c a s e , in agreement with r e s u l t s of s e l f -c o n s i s t e n t s l a b c a l c u l a t i o n s 1191.
In Fig.3 we show t h e deviation of t h e t o t a l density of s t a t e s as obtained from t h e l a s t two terms of Eq. ( 1 5 ) . Although t h e r e s u l t s a r e limited t o t h e r point, excess density of s t a t e s i s found between 0 and -2 eV (from t h e top of t h e valence bands) and in t h e region between -3 and -5 eV, in f a i r agreement with t h e r e s u l t s of Ref.
1191.
-6 -5 -6 -3 -2 -1 0
ENERGY ( e V ) Fig.3 -Contribution of t h e point t o t h e change in t h e t o t a l density of s t a t e s ( a r b i t r a r y u n i t s ) with respect to t h e sum of t h e two bulks f o r t h e same i n t e r f a c e a s Fig.2. ( s e e t e x t ) .
In summary, we have proposed a new method f o r t h e c a l c u l a t i o n of t h e e l e c t r o n i c s t r u c t u r e of i n t e r f a c e s , which e x p l i c i t l y deals with t h e s e m i -i n f i n i t e geometry of t h e system. A simple non s e l f -c o n s i s t e n t example was discussed t o show t h e f e a s ib i l i t y of t h e matching procedure on a basis adequate f o r r e a l i s t i c c a l c u l a t i o n s . Self-consistent c a l c u l a t i o n s for t h e SaAs-Se and t h e GaAs-AlAs i l l O z i n t e r f a c e s a r e in progress.
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17. The proof o f t h i s s t a t e m e n t i s given i n ~e f . 1 2 . Notice t h a t i t i s v a l i d not o n l y f o r i n t e r f a c e s which a r e planes o f s p e c u l a r symmetry, but a l s o f o r many o t h e r c a s e s a s f o r i n s t a n c e t h e (111) plane i n t h e diamond s t r u c t u r e and t h e (110) lane i n t h e zincblende and diamond s t r u c t u r e . E. Molinari: The matching formalism is in principle applicable to Green's functions corresponding t o any Hamiltonian. I n p a r t i c u l a r it can be applied t o t h e c a l c u l a t i o n of e l a s t i c s t r e s s e s a c r o s s i n t e r f a c e s . A s p e c i f i c discussion of t h i s p o i n t , which is o u t s i d e t h e scope of t h e present paper, can be found i n t h e book by F. Garcia-Moliner and F. F l o r e s (Ref. 9).
A.P. Sutton; I f intermixing were t o occur a t t h e Ge/GaAs i n t e r f a c e t h e matching s u r f a c e would become very convoluted. Would your method be t r a c t a b l e then? Would not t h e Pollmann/Pantelides approach be more t r a c t a b l e i n t h i s case? (12) of t h e present paper. One point which is worth commenting upon i n g r e a t e r d e t a i l is t h e following: t h e matching procedure can be proved t o be exactly equivalent t o solving Dysonfs equation with t h e p e r f e c t bulk A a s t h e unperturbed system and with a perturbation VB-VA extended t o t h e halfspace z>0. Therefore our selfconsistency loop h a s t h e same s t r u c t u r e a s t h e one which has been used i n previous d e f e c t c a l c u l a t i o n s (Refs. 1 , 2) except f o r t h e f a c t t h a t Dysonfs equation a t each s t e p is solved i n two s t a g e s f o r t h e two c o n t r i b u t i o n s t o t h e p o t e n t i a l rearrangement (11) with r e s p e c t t o t h e unperturbed Green's function GAB.
Thus we only have one loop. Of course a good choice o f t h e s t a r t i n g band ofc-set would make t h e s e l f -c o n s i s t e n t procedure much simpler, b u t i n p r i n c i p l e t h e c a p a b i l i t y of our method t o lead t o selfconsistency is independent of t h e choice of t h e s t a r t i n g off-set.
